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I N T R O D U C T I O N
Germanium is observed in the spectra of various stellar objects: Ge I is likely to be present in some stars of the Cr±Eu±Sr variety of Ap stars (Adelman, Bidelman & Pyper 1979) , while Ge II has been observed in Bp stars of the Hg±Mn subgroup (see e.g. Leckrone et al. 1991) . Ge I has also been identi®ed in the solar photospheric spectrum (see e.g. Moore, Minnaert & Houtgast 1966) .
Germanium has been observed in the interstellar medium (ISM) predominantly in the form of Ge II in the direction of the z Pup (Morton 1978), z Oph and x Per (Cardelli, Savage & Ebberts 1991) , 15 Mon, p Aqr, 23 Ori, p Sco and 1 Sco (Hobbs et al. 1993) stars. Investigation of the heavy element content (Z $ 30) of the ISM provides information on the effects of local chemical enrichment and mixing in the interstellar gas where most atoms and ions are observed in their ground energy states, the resonance lines generally appearing in the UV region. ISM germanium abundances, deduced from Ge I or Ge II absorption lines, show deviations when compared with those of the Solar system, and these deviations are generally explained by the formation of dust grains in the ISM with different degrees of incorporation of elements into dust.
The determination of the chemical composition of the stars relies heavily upon the availability of accurate transition probabilities, and the re®nement of the ISM abundance analyses is strongly dependent upon the atomic oscillator strengths used for the calculations [see e.g. Johansson et al. (1994) for a recent discussion in the case of x Lupi].
For Ge I, the available f-values are frequently inaccurate or lacking. This is because the published theoretical and experimental data, even for the resonance transitions, show rather large discrepancies (see Section 5).
For these reasons, we have undertaken in the present study a theoretical and experimental investigation of oscillator strengths for some Ge I transitions of astrophysical interest. This paper is limited to the discussion of allowed (E1) transitions. Forbidden lines (M1 and E2 types) have been considered and discussed elsewhere (see e.g. Bie Âmont & Hansen 1986) . This paper complements recent data of astrophysical interest obtained for UV transitions of Ge II (Bie Âmont, Morton & Quinet 1998b ).
R A D I AT I V E L I F E T I M E M E A S U R E M E N T S
Lifetimes of the 4p5s con®guration levels of Ge I have been measured by time-resolved spectroscopy at the Lund High Power Laser Facility (Svanberg et al. 1994) . The same method has recently been used in lifetime measurements of Pt II (Larsson, Zerne & Lundberg 1996) , Pb I (Li et al. 1998a ) and S I (Li et al. 1998b ).
The experimental set-up is shown in Fig. 1 . In order to obtain laser pulses of relativity short duration but with a small spectral bandwidth, a distributed-feedback dye laser (DFDL) oscillator (Schade, Garbe & Helbig 1990 ) was pumped by a small fraction of the frequency-doubled output from a mode-locked and Qswitched Nd: YAG laser. The DFDL oscillator, together with two dye ampli®ers pumped by the same Nd: YAG laser, provides tunable radiation from 745 to 815 nm with a pulse energy just above 1 mJ. The radiation from the dye laser was frequency-tripled in KDP and BBO crystals, yielding pulses of a few tens of mJ and 60-ps duration, tunable in the region 249±279 nm.
Free germanium atoms were obtained in a laser-produced plasma. Radiation from a Q-switched Nd: YAG laser (Continuum Surelite 1 ), producing pulses of 10-ns duration and an output energy of 10±20 mJ, was focused with a 30-cm focal-length lens on to a rotating germanium target. Atoms in the laser-produced plasma entered the excitation laser beam, which was about 2 cm above the surface of the germanium target. Both Nd: YAG lasers were triggered from a common unit (Stanford Research Systems   2 Model 535). This allowed us to change the time delay between the laser pulses used for atomization and excitation. Effective population of metastable states occurred and, by waiting until the plasma density was suf®ciently low, perturbation-free measurements 722 E. Bie Âmont et al. . The oscilloscope was optically triggered with a jitter below 100 ps. The temporal response of the system is mainly limited by the input ampli®er of the oscilloscope. Some in¯uence from the limited rise-time of the photomultiplier tube (PMT) (200 ps) and the signal cables is also expected. The measured FWHM of the stray light from the shortpulse laser as observed with this detection system was around 1 ns (see Fig. 2 ).
The 4p5s P 0 . The strongest transitions back to low-lying states were selected to monitor the¯uorescence exponential decays. The lifetimes were evaluated by ®tting the experimental curves with a convolution of an exponential and the laser pulse recorded by the same detection system. It is important to keep the laser intensity low enough to avoid transition saturation. A decay curve with the excitation laser pulse and the ®t is shown in Fig. 2 . To make sure that the lifetime values are not affected by radiation trapping or collisions in the laser-produced plasma, measurements with different time delays between the atomization laser pulse and the excitation laser pulse were performed. We found that the lifetime values became constant after a 20-ms delay time. 30±40 curves have been recorded for each level, and only the measurements that have a delay time longer than 20 ms have been used for forming the average to obtain the ®nal lifetime values. Two standard deviations have been taken as the error bar. In addition, we have an uncertainty of 0.08 ns to account for possible residual systematic effects. The results are shown in Table 1 .
T H E B R A N C H I N G R AT I O D E T E R M I N AT I O N
A diffraction grating based inductively coupled argon plasma emission spectrometer of medium resolution (spectral bandpass 4±18 pm, depending on wavelength and diffraction order) has been used to measure branching ratios (BRs) in Ge I. Calibration of the relative response of the spectrometer was made by means of known branching ratios of lines of Ar I, Ar II and Ni I. The Ar lines were emitted by an argon-®lled hollow-cathode lamp mounted in the spectrometer in place of the inductively coupled plasma (ICP) torch, while Ni I lines were emitted by the ICP seeded with Ni. The Ar BRs were used to calibrate the region from < 187 to < 900 nm, while Ni I was used to obtain more accurate calibration over a narrower range (295±385 nm). Further details of the BR calibration will be given elsewhere (Doidge, in preparation). Two approaches to the measurement of the BRs of Ge I were tested. A neon-®lled Ge hollow-cathode lamp operated at low current was used, and relative intensities of the 4p±5s lines were measured as a function of lamp current. It was found that, over the range of lamp currents studied (3±12 mA Ê ), the ratios of the intensities of lines belonging to a given upper level were not constant, and it was concluded that many of the Ge I lines studied were self-absorbed in the hollow-cathode lamp, under the conditions used. The self-absorption leads to underestimation of the BRs of emission lines ending in the lower levels, and overestimation of the lines ending on higher levels. With the ICP, by contrast, the intensity ratios of lines from common upper levels are practically constant (within 1 per cent) over several orders of magnitude of concentration of seeded elements in the plasma. This behaviour is a consequence of the well-known optical thinness of this discharge. The ICP was therefore used to measure the Ge I branching ratios reported here, and the intensity ratios were measured over a hundred-fold range of concentration of Ge.
The branching ratios measured with the Ge-seeded ICP are listed in column (3) of Table 2 . By combining the BRs listed there with the lifetimes shown in Table 1 for the corresponding levels, the transition probabilities listed in column (4) of Table 2 were derived. The quoted errors are the sums, in quadrature, of the quoted uncertainties in the lifetimes (Table 1 ) and the estimated maximum uncertainties of the BR measurements; the latter were typically 5±10 per cent.
T H E H F R C A L C U L AT I O N S
Some calculations of transition probabilities have also been carried out in the present work using the computer code written by Cowan (1981) within the framework of the relativistic Hartree±Fock (HFR) method. As we were interested in transitions involving low-excitation levels, the con®guration sets have been limited to the Layzer complexes n = 4 and n = 5. The HFR technique was ®rst used in combination with a least-squares optimization process of the Slater integrals. The experimental levels have been taken from the compilation of Sugar & Musgrove (1993) . All the known energy levels belonging to the con®gurations 4s 2 4p 2 , 4p5p, 4p4f, 4p5f and 4p5s, 4p4d, 4p5d and 4s4p 3 have been considered for the ®tting procedure, with the exception of the two levels at 58 551.407 and 58 943.436 cm ±1 (4p5d con®guration), the designations of which are uncertain in the compilation of Sugar & Musgrove (1993) . It appears, however, that the ®tting procedure was unsatisfying for some levels, particularly those belonging to the 4p5p and 4p5d con®gurations, the convergence being reached only with unrealistically low values of the Slater parameters. Consequently, in order to avoid distortion of the oscillator set values and loss of their accuracy, we have preferred to extend the set of con®gurations within the limits imposed by our computer code, and to adopt as ®nal results those obtained through ab initio calculations (thus without any ®tting). Con®guration interaction has been ®nally considered using the following ®nal set of 59 con®gurations: 4s 5g (odd parity). According to a procedure described by Migdalek & Baylis (1978) , core±valence correlation has been represented by a core polarization potential depending upon two parameters: i.e. a d , the static dipole polarizability of the core, and r c, the cut-off radius which is arbitrarily chosen as a measure of the size of the ionic core. This parameter is usually taken as the expectation value of r for the outermost core orbital. The Cowan HFR code has been corrected accordingly and the procedure appears successful for providing accurate f-values in heavy ions like Yb II and Tm II (Bie Âmont et al. 1998a,b; Quinet, Palmeri & Bie Âmont 1998) . The dipole polarizability of the ionic core, a d , has been chosen to be equal to 4.05a 0 3 for the 3d 10 4s con®guration, which corresponds to the value reported by Fraga, Karwowski & Saxena (1976) . For the cut-off radius, r c , we used the average value <r> for the outermost core orbital as calculated by the Cowan code, i.e. <r> = 1.897a 0 .
All the F k , G k and R k integrals were scaled down by a factor of 0.85, while the spin±orbit integrals, z nl , characterized by small numerical values, were used without scaling. It was found that the absolute values of the experimental levels and also the ®ne structure of the multiplets are generally nicely reproduced.
The HFR lifetime values are given in column (7) ) are reported in column (5) of Table 2 .
C O M PA R I S O N W I T H P R E V I O U S R E S U LT S

Radiative lifetimes
The laser lifetimes obtained in the present work and the HFR lifetimes, calculated according to the procedure described in Section 4, are compared, in Table 1 , with previously published results. For the 5p 1,3 P o levels, the laser measurements are in nice agreement with the delayed-coincidence results of Tint, Kono & Goto (1990) while, for the same levels, the HFR results appear systematically and consistently smaller than the experimental ones, the mean ratio being remarkably constant: 1.171 6 0.013 where the error represents the standard deviation. Similar ®ndings have been reported previously in different ions when comparing HFR lifetimes with accurate beam-laser measurements [see e.g. the cases of Fe II (Bie Âmont et al. 1991) , Cr II (Pinnington et al. 1993) and Ag II (Bie Âmont et al. 1997) ]. The beam-foil results of Andersen, Petkov & Sorensen (1975) are systematically lower than the laser measurements but should be less accurate. The delayed-coincidence results of Komarovskii & Verolainen (1989) , on the other hand, are considerably larger than all the other experimental results. This ®nding seems to indicate systematic errors in their measurements.
Oscillator strengths
The HFR oscillator strengths calculated in the present work are reported in Table 3 , where they are compared with previous results published after 1974. We report also in the same table, under the label`EXP', the f-values deduced from the laser lifetime and branching fraction measurements of the present work. Holmgren & Garpman (1974) have calculated transition probabilities for the np(n + 1)s±np 2 transition array in the Group IV elements using relativistic self-consistent-®eld wavefunctions. As it appears from Table 3 (label`HG'), the HFR results (also calculated in the length formation) and the EXP data are systematically lower than the length form data of Holmgren & Garpman (1974) (the mean deviation for 14 lines being Å D = 0.104 and 0.154 dex, respectively). Larger discrepancies are observed when the velocity form results are considered. However, the fact that the length±velocity agreement is not good in HG calculations indicates that the quality of the self-consistent ®eld (SCF) wavefunctions could be substantially improved.
Emission measurements have been reported by Lotrian et al. (1978) (heading`LCGJ' in Table 3 ) for 27 transitions of Ge I. Branching ratios have been measured in the spectral range 190.0±470.0 nm, and the absolute scale for the transition probabilities has been established on the basis of the lifetime measurements of Andersen et al. (1975) . The agreement with the HFR calculations is satisfying for the 4p 2 ±4p5s transitions, with the exception of the intercombination line situated at 312.4816 nm. When comparing with the experimental results of the present work, large discrepancies are observed for the lines of astrophysical interest appearing at 312. 48, 326.95, 422.66 and 468.58 nm. Ganas (1989) has considered a semi-empirical, analytical, atomic independent particle model potential adjusted to experimental single-particle energy levels to calculate optical oscillator strengths for 4p Relative transition probabilities of the 4p 2 ±4p5s and 4p 2 ±4p4d transitions have been measured in emission by Pokrzywska et al. (1985) with a wall-stabilized arc. The results have been put on an absolute scale using the beam-foil lifetimes measured by Andersen et al. (1975) . More recently, the results of Pokrzywska et al. (1985) have been revised by Musiol et al. (1996) , who used a similar technique (wall-stabilized arc) and normalized their results with the delayed-coincidence measurements of Tint et al. (1990) . The set of results of Musiol et al. for the 14 4p±5s transitions differs by Å D = 0.136 dex from the HFR results.
The excitation energies and oscillator strengths of the np 2 ± np(n + 1)s transitions of Ge I have been calculated by Bieron, Marcinek & Migdalek (1991) 
S O L A R I M P L I C AT I O N S O F T H E R E S U LT S
Ge I has been observed in the solar photospheric spectrum, and ®ve Fraunhofer lines attributed to Ge I are quoted by Moore et al. (1966) in their`Preliminary Lambert, Mallia & Warner (1969) , who deduced A Ge = 3.32 on the standard logarithmic scale, where log N(H) = 12.00, and Ross & Aller (1974 , who obtained A Ge = 3.50 6 0.08. These results were discussed by Bie Âmont & Grevesse (1977) , who showed that using the beam-foil lifetime values measured by Andersen et al. (1975) to renormalize the fvalues would lead to an increase of Lambert et al.'s result to 3.48 and a decrease of Ross & Aller's (1974 abundance to 3.34! The abundance quoted by Anders & Grevesse (1989) in their recent compilation is 3.41 6 0.14, which is lower by 0.22 dex than the meteoritic abundance (A Ge = 3.63 6 0.04) proposed in the same compilation. Grevesse & Meyer (1985) have suggested that the discrepancy photosphereÀmeteorites for this element could be real and would imply chemical enrichment in CI chondrites. This conclusion has been reconsidered, however, by Anders & Grevesse (1989) , who noticed that germanium is indeed depleted in all other chondrite classes, like other elements of similar volatility. This fact apparently re¯ects volatile loss during chondrule formation, in agreement with the conclusions of Larimer & Anders (1967) , but there is no speci®c reason why germanium behaviour should appear different from that of other elements of similar volatility. On the basis of the new atomic data obtained in the present work, it is interesting to consider again the observed discrepancy between the Solar and meteoritic abundances.
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For that purpose, we have reconsidered carefully the ®ve absorption features observed in the photospheric spectrum and attributed at least in part to germanium. The two absorption lines at 312.4816 and 422.6563 nm are strongly perturbed and consequently cannot be used for an abundance determination.
The line at 303.9067 nm has been considered by Ross & Aller (1974) . The abundance obtained by these authors is 3.45 (in the usual logarithmic scale) using log gf = ± 0.15. The experimental oscillator strength obtained in the present work would lower this value to 3.37. As this line is strongly blended and appears in a spectral region where the continuum is badly located, we consider it as a poor abundance indicator and we have preferred not to retain it for the ®nal analysis.
The weak line at 468.5829 nm can be easily measured on the photospheric spectrum and has been used by Lambert et al. (1969) in their abundance determination. Unfortunately, this line is blended with a Co I transition appearing at 468.5856 nm. An additional blend of unknown origin has been mentioned by Grevesse & Meyer (1985) as affecting the red wing of the pro®le. Consequently, we do not feel that this line is suitable for an accurate abundance determination.
We are left with the only transition at 326.9489 nm. Using an oscillator strength (log gf = ± 1.15) derived by Lawrence (1967) , Ross & Aller (1974) deduced A Ge = 3.53 from a detailed spectral synthesis. Grevesse & Meyer (1985) obtained an abundance value of 3.46 [using log gf = ± 0.92 as derived from the lifetime measurements of Andersen et al. (1975) and branching fractions from Lotrian et al. (1978) ]. We have remeasured the equivalent width of this line on enlargements of the high-resolution Jungfraujoch spectra (Delbouille, Neven & Rowland 1973) , and we obtain an equivalent width W l = 42.6 mA Ê which is very close to the value measured by Grevesse & Meyer (1985) and partition functions for Ge I and Ge II recalculated on the basis of the energy levels presently available, we obtain A Ge = 3.58 6 0.05 where the uncertainty represents an estimate of the error affecting the oscillator strengths and the equivalent width. This result, which represents the best estimate of the solar abundance of germanium, is now very close to the meteoritic result as adopted by Anders & Grevesse (1989) : A Ge = 3.63 6 0.04.
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